Measurements have been performed on a reversible-pump turbine model installed in a closed loop conduit system. The characteristics of the unstable pump turbine in turbine mode show a hysteresis pattern. Hence the output of the system is dependent on the previous state of the flow and not only the input variables. The hysteresis pattern is a characteristic of the whole system, but is caused by the unstable pump turbine. The unstable part of the characteristics was measured by three different methods: 1) by transient sampling of data during the transition between operation modes, 2) by throttling valves that steepens the friction-loss curve, and 3) by switching the causality in the system such that the torque becomes an input parameter and the speed of rotation becomes an output parameter. In the valve throttling measurements a pressure dependency was seen for the characteristics at high nondimensional speeds. This was further investigated by additional measurements of the characteristics at three different pressure levels. A rigidwater-column stability analysis has been conducted. The classic H-Q criterion describes static stability for a pump turbine with constant speed of rotation. With the speed of rotation as a variable, there is a new static stability criterion in addition to the dynamic stability criterion.
Introduction
Pumped storage hydropower plants are increasingly important for stabilizing the electricity system. They utilize excess power from wind, solar or thermal energy by storing water with high energy potential. The grid can be stabilized and high frequency peaks prevented. Traditionally most pumped storage plants have been used on a seasonal basis. In today's energy market the time scale of pump and turbine regimes are much lower and a fast and reliable start-up in both modes is then necessary. Many pumped storage hydropower plants have reversible-pump turbines (RPTs), which are cost effective, compared to a system of separate pump and turbine. One drawback with RPTs with high head and low speed number are their tendency to instable behavior during startup and at low load operation points. Examples of these are the power plants in Bajina Basta, Birna and COO2 in Belgium reported by Pejovic et al. [1] , Dörfler et al. [2] , and Klemm [3] , respectively. The two latter were stabilized by extra mechanical arrangements. A more recent trend is to extend the operation area such that the turbine can be used with a wide range of operational heads. This broadening of the operation band tends to give even more unstable machines. The reason for the instability is related to complex flow patterns, not yet fully understood. Staubli et al. [4] correlates the unstable characteristics with vortices forming in the runner channel close to the leading edge. An inlet vortex was also visualized by Senoo and Yamaguchi [5] at zero flow rate for a simplified pump turbine model. Widmer et al. [6] and Hasmatuchi et al. [7] proved the existence of rotating stall and correlated it with the s-shape of the characteristics. This paper investigates the instability of pump turbines and their theoretical stability limits.
Furthermore a new technique to measure the unstable s-shaped characteristics is investigated and compared to two other methods.
On Stability
There are two types of instability that may occur in RPT power plants and they are static and dynamic instability. In a static unstable operation point the system will simply jump to another operation point that is stable. The dynamic instability is associated with hydraulic and mechanical oscillations with growing amplitudes. Mathematically the two types are described by the eigenvalues of the governing system of linear equations. For dynamic instability there are at least two complex conjugated eigenvalues with positive real part and for static instability the eigenvalues are real positive numbers. The concept of static and dynamic instability is thoroughly described in Greitzer [8] .
2.1 Fixed Speed of Rotation. For a simple system with fixed speed of rotation, as depicted in Fig. 1 , the static criterion is described by the slope of the head-flow curves alone, see Appendix. The system has unstable operation points if the slope of the turbine head-flow curve plus the slope of the head-loss curve is negative. This criterion is derived from Newton's second law applied to the system, Eq. (1), and is denoted as in Eq. (2). In Eq. (1) the left-hand side denotes the total mass (LAq) of the moving water times the time derivative of the mean velocity, Q/ A. The right-hand side denotes the pressure force that works on the water, where H r is the reservoir head, H f is the friction head loss, H t is the net turbine head, and A is the cross-sectional area of the waterway.
A common way to represent the turbine characteristics is by the dimensionless variable Q ed , N ed and T ed defined in Eq. (3). It is therefore beneficial to convert the static stability criterion to these variables. By expanding the derivatives of Q ed on N ed , Eq. (4), an expression for the gradient of the turbine head-flow curve can be found, Eq. (5). This expression is inserted into Eq. (2) which then forms the new stability limit. By reordering the terms the final stability limit based on the dimensionless variables becomes as in Eq. (6). In the limit of zero head losses this equation describes a vertical line in the Q ed -N ed characteristic diagram. When the head loss grows larger, the slope representing the stability limit is gradually less steep and it is rotated in a clockwise direction around the applicable operation point, Fig. 2 . The turbine head is the constant reservoir head minus the friction loss in the waterways such that with zero friction loss the turbine head is equal the reservoir head. Under this constant turbine head the limiting slope is infinite steep and an s-shaped characteristic can therefore not be stable. With a constant head the nondimensional flow rate and speed of rotation convert to real flow rate and speed of rotation. The vertical line is therefore the stability limit for the flow-speed characteristics, Eq. (7),
2.2 Variable Rotational Speed. When the rotational speed is variable, the system becomes slightly more complex and dynamic oscillations may occur. The system is now described by two equations, one for the speed of rotation, Eq. (8), and one for hydraulic flow, Eq. (1). In Eq. (8) the left-hand side denotes the polar moment of inertia of the rotating parts, J, multiplied with the rate of change in the speed of rotation. The right-hand side denotes the unbalanced torque which is the hydraulic torque, T h , minus the generator torque, T g . Martin [9] derived a dynamic stability criterion for such a system, where he neglected friction losses. This criterion relates stability limit to the slope of the T ed -N ed characteristic. When the slope has a too low positive value, any system oscillation will grow in amplitude and be unstable. From Martin's analysis, it is also possible to extract a static stability limit. That comes forth when the system equations have two real eigenvalues and their values are identical equal to zero. To express this stability limit the characteristic of the machine is expressed by two new variables. Those are torque divided through the speed of rotation to the power of two, T/n 2 , and flow rate divided through the speed of rotation, Q/n. The stability is correlated by the magnitude of the slope of the torque-flow characteristics. A negative value corresponds to a static unstable operation point. By employing the definition of Q ed , N ed and T ed a transformation of the stability limit can be made, Eq. (9). It should be noticed that the static stability no longer relates only to the slope of Q ed -N ed characteristic, but is now dependent on the slopes of both Q ed -N ed and T ed -N ed characteristics,
The consequence of the stability criteria is applied and discussed in Sec. 4.
The Pump Turbine and the Laboratory
The test-rig, Fig. 3 , is a closed loop system where one or two pumps deliver the hydraulic energy. A generator which can also work as a motor is mounted on the turbine shaft. This generator floats freely and is held back from rotating by a level arm and the maximum flow rate is 1.0 m 3 s À1 . The laboratory has calibrating equipment for all measuring devices and operates with uncertainty associated with systematic errors in according to the IEC standard [10] . Calculation of the random uncertainties was performed based on eleven measurements with a sampling period of thirty seconds and sampling rate of 1.4 Hz. The standard deviations of the results were, in percent of BEP-values, 0.16 for efficiency, 0.07 for N ed , 0.27 for Q ed , and 0.28 for T ed .
The pump turbine runner used in the measurements was designed to fit into an already existing Francis turbine. It has a distributor and draft tube originally designed for a high head and low specific speed Francis turbine. This has 28 guide vanes and fourteen stay vanes. Different data for the pump turbine used in this paper are tabulated in Table 1 . A geometry description is given through the radial view, Fig. 4 and the axial view, Fig. 5 , of the runner. The performance diagram is showed in, Fig. 6 . It depicts the efficiency in turbine mode of operation as a function of dimensionless flow rate, Q ed and speed of rotation, N ed . The top efficiency is slightly above 90.5%.
Measured Characteristics
The characteristics of the pump turbine are measured with about 20 m head and with a speed of rotation in the range between 60 and 1000 rpm. The pump speed of rotation which regulates the total head in the system is kept constant for all operation points at the characteristics. This restricts the flow rate to vary only due to pump and turbine characteristics, and pipe head losses. The starting point was at about seventy rpm and the speed was stepwise increased with steps in the range of 2-60 revolutions per minute (rpm). Figure 7 shows how the flow rate varies with the speed of rotation in turbine mode of operation. The flow rate varies only slightly with the speed of rotation for speed of rotations up to nominal speed of rotation at 530 rpm. At higher than nominal speed of rotation the flow rates sink gradually until a certain speed of rotation where the turbine jumps from turbine mode of operation to reverse pump mode with only a step of 2 rpm. The operation points were measured a second time, this time by starting at a high speed of rotation and stepping the speed of rotation towards lower values. At a certain speed of rotation the operation mode shifts from reverse pump mode to turbine mode within a step of two rpm. This shift in operation mode occurs at a lower speed of rotation than the shift from turbine to reverse pump mode and the two curves together form a hysteresis shape. Figure 8 shows the Q ed -N ed characteristics where the slopes in the hysteresis zone is slightly positive. The slope difference between Figs. 7 and 8 is explained by the fact that the net turbine head varies slightly with the flow rate due to friction head losses. By creating a control volume around the whole system in Fig. 3 the input and output variables can be structured as in Fig. 9 . The inputs are the pump and turbine speeds of rotation, and the guide vane opening while the outputs are the flow rate, and the turbine head and torque. The hysteresis curves show that for a given set of input variables there are two sets of output variables. Which set of output variables that occurs, depends on the previous operation point, when the pump turbine is operated in the hysteresis area.
Operation points within the hysteresis area exist, but are not statically stable according to the limit in Eq. (6) and therefore could not be measured. Three different ways of measuring the unstable zone are presented in the next paragraphs.
Transient Measurement.
The flow was measured during transition from turbine mode to reverse pump mode. The sequence was started in turbine mode and initiated by a step in turbine speed of rotation of five rpm. Each transient point in the characteristics showed in Fig. 10 is averaged over 0.7 s and the duration of each of the transition sequences is 40-50 s. The resulting characteristics have realistic shapes but do not exactly match the stable operation points in reverse pump mode. This can be caused by dynamic effects in the laboratory where the water within the turbine has a significant mass compared to the water masses in the pipe system. Pros: The common way to measure in the industry and in accordance with the IEC standards requirement for constant head.
Cons: Depends on dynamic behavior of the system.
Throttling Valves.
The static instability was resolved through throttling of the pipe flow, a method first introduced by Dörfler et al. [2] . The resulting characteristic can be seen in Fig. 11 . The throttled characteristic fits well to the characteristic without throttling in the unstable zone. In the area were the curves overlap there is a variation which is due to very low pressure at these operation points. The characteristic in general has a pressure level of approximately 20 m but for these operation points the pressure is as low as 4-10 m.
Pros: Resolve the hydraulic instability. Cons: Pressure is very low when the flow rate is nonzero.
Torque as Input.
To measure the unstable zone, torque was used as input. The causality of the system is then reversed Transactions of the ASME such that the speed of rotation becomes an output variable from the system. Figure 12 shows the characteristic measured with torque as input for operation points in the unstable zone. There were some oscillations in speed during these measurements. The standard deviation of N ed and Q ed were therefore calculated to quantify the unsteadiness in the flow. These standard deviations were compared with the standard deviations from the valve-throttlingmeasurements. For each operation point, 43 readings were taken over a time period of 30 s. Figure 13 shows the standard deviations, Eq. (10), and it can be seen that the torque-input method has two operation points with high standard deviations for N ed . This is caused by significant oscillations in speed of rotation. The valve throttling measurements also has two operation points with high standard deviations, but the unsteadiness now comes from variation in the flow rate. The results from the measurements of the s-shape with torque as input show that the method solved the static instability, now described by the limit in Eq. (9) . However two of the measured operation points violated the dynamic stability criterion, and were not stabilized. With the torque as input method the head is constant along the whole characteristic, which the IEC standard recommends. Pros: Resolves the static instability and is in accordance with the IEC standard standards requirement for constant head.
Cons: Two dynamically unstable points with large oscillations in speed of rotation.
Final Characteristics.
A comparison of the results from the three measurement techniques is shown in Fig. 14. To create the final characteristics of the pump turbine the two stable characteristic fractions in the turbine mode and reverse pump mode were used. To connect the two parts, either of the two measurement techniques, valve throttling of torque input, can be used with no significant deviation. The torque input method has high standard deviations of N ed . By using the valve throttling technique one should carefully use only those points with the head in the otherwise used level, which here was H ¼ 20 m. Operation points around zero flow rates have little head losses and therefore have the wanted pressure level. The final characteristics were created by the valve-throttling technique and plots of Q ed versus N ed and T ed versus N ed are shown in the Figs. 15 and 16. The curves are s-shaped which means that for certain speeds of rotation there are three possible outputs of the same system input.
Pressure Dependency
In the valve throttling measurements a certain pressure dependency was observed. To verify this, three additional characteristics were measured with different pressure levels. The pump speed of rotation was now set to 400, 600, and 800 rpm which gave net heads for the turbine of approximately 9, 20, and 36 m, respectively. The Reynolds numbers based on the outlet peripheral speed and the outlet diameter vary and are for these cases Re ¼ 2.2 Â 10 6 , Re ¼ 3.35 Â 10 6 , and Re ¼ 4.4 Â 10 6 . In the unstable zone the valve throttling technique was used. The resulting characteristics are equal around BEP but different at N ed values of 1.35 and higher, Fig. 17 . At these N ed values the Q ed value is highest for the 9 m head and smallest for 36 m head. Hence the high head characteristic seem to be subjected to relatively higher flow resistance than the low head characteristic. In Fig. 18 the markers are rectangles with sides corresponding to plus/minus three standard deviations of the measured mean values. This shows that the curves are significantly different.
The use of the nondimensional numbers, Q ed and N ed , are based on similarity analysis. The similarity of flows is achieved if geometric, kinematic, and dynamic similarities are preserved and the characteristics in terms of Q ed versus N ed are then unique. In fact the Q ed and N ed variables represent the nondimensional meridional and circumferential speeds at the runner outlet and, by definition, describe kinematic similarity. The dynamic similarity requires equality of ratios of forces as described by the nondimensional Navier-Stokes equation, Eq. (11). Strouhal, Euler, and Reynolds number shall formally be the same in model and prototype. In fact this only applies for the Euler and Strouhal numbers.
Previous studies of pump characteristics have shown that the part load behavior is neither sensitive to rotational speed (Strouhal number) nor to Reynolds number, Gülich [11] . A conclusion from Gülich is that "the partload behavior is not sensitive to the Reynolds number or to boundary layer effects." The measurements here however, show that the effect of these similitude numbers is not negligible for pump turbine characteristics at high N ed values.
Conclusion
The expressions for the Q ed versus N ed is mathematically expanded and substituted into the normal static stability criterion. This forms a new criterion in terms of Q ed and N ed in which also the system friction loss is included. In the case of zero friction losses the limiting line is vertical in the Q ed -N ed diagram and it rotates clockwise as more friction loss is introduced.
The measured characteristics of the unstable pump turbine show a hysteresis pattern. Hence the output of the system is dependent on the previous state of the flow and not only the input variables. In the measurements, the pump turbine speed of rotation is moved stepwise to create the characteristics. At a certain point, a very small step in the rotational speed cause the pump turbine to jump from turbine-to reverse-pump mode of operation. The pump turbine then traverses through its unstable area and finds a stable operation point in reverse pump mode. The hysteresis curve is an interpretation of the s-shaped characteristics for an unstable system.
The whole continuous characteristics curve of the pump turbine was measured by three different methods. One method is transient sampling of data during a transition between operation modes. This only gives an idea of how the characteristics look like since the results depend on the importance of dynamic effects. The two other methods resolve the static instability such that the results could be averaged over time. The first method is the previously established method of throttling valves while the second method switches the causality in the system such that the torque becomes an input parameter and the speed of rotation becomes an output. Both methods enabled measurements of the full characteristics and the resulting s-shaped characteristics are similar. However the method of torque as input gave large standard deviation of the nondimensional speed at two operation points. These were dynamically unstable. The throttling valve method should be used only for low flow rates since the head otherwise is drastically lowered.
That the pressure level influences the characteristics is shown by measurement of the characteristics for three different pressure levels. These measurements show that the characteristics are pressure dependent for high nondimensional speeds.
By subtracting from Eq. (A3) the corresponding mean flow equation, it becomes L Ag
The flow disturbance is considered much smaller than the mean flow, such that the term q 2 can be neglected. Reordering the terms yields the following equation:
The variable q is separated, Eq. (A6), to obtain the analytical result Eq. (A7),
The constant C represents the initial flow disturbance at t ¼ 0. The flow rate is stable if the eigenvalue, k, is negative and unstable if k is positive. With negative k, the flow perturbation will be zero after a long time.
Stabil if: limðqÞ t!1 ¼ 0 (A8)
The two terms encapsulated in k represent the slopes of the turbine head and friction losses. For k to be negative the following relation must hold true:
which also can be written as in Eq. (2).
